ABSTRACT. The influence of aza-substitution on sumanene and C52 fullerene was investigated. Various substitution patterns, derived for the structures of pyrrole, indolizine and pyridine have been proposed and aromaticity indices like HOMA, NICS, delocalization indices PDI and FLU were considered, at B3LYP/6-311+G(d) level of theory. The results outlined an enhanced aromatic character for the sumanene derivatives where similar aza-substitution patterns as encountered in pyrrole and indolizine have been considered.
INTRODUCTION
During the last decades, specific properties of fullerenes -mainly due to their extended π electron system -attracted a continuous interest of scientists, as well as for their possible precursors. The presence of one (or more) isovalent atoms like nitrogen may modify the extended π electron system. Literature survey outlines a number of studies regarding the effects of heteroatoms doping the carbon-based nanomaterials. This way, researches regarding the curvature evolution and cross-linkage in carbon nitride have demonstrated that incorporation of N atom determines an increased reactivity of the C atoms in the vicinity of heteroatom, the most stable isomer being the one containing one N atom per pentagon [1] . Investigations of the structure a and stability of heteroannulated [8] [9] [10] circulenes with N, P and As atoms have proved the influence of steric factors and heteroatom electronegativity on the π electron delocalization [2] . Also, a study, regarding the effects of N doping on the electronic properties of a small carbon chain with distinct sp 2 termination, showed that incorporation of a nitrogen atom influences the conformation, charge distribution and the spin states of structures consisting in corannulene/ coronene-like pieces connected by atomic chains [3] . Another theoretical investigation of nitrogen disubstituted corannulenes suggested an increased stability for the isomer containing two N atoms within the benzene ring, in para position [4] .
Concerning the properties of doped fullerenes, their electronic behavior was reported in [5] ; then properties of C 59 X-type fullerenes (where X = B, N, Al, Si, P, Ga, Ge and As) [6] , applications of N-doped carbon nanotubes [7] , electron delocalization and dimerization in solid C 59 N doped C 60 fullerene [8] , structure and electronic properties of heterofullerene C 30 B 15 N 15 [9] , stability of boron nitride fullerenes [10] , also small fullerenes doped with boron and nitrogen [11] have been reported. Possible isomers of heterofullerenes of the type X n C 20-n (X = B, N, P and n = 2, 4, 5, 6, 10) were also studied [12] . The stability of compounds is directly related to the number and type of heteroatoms, as well as to the substitution pattern, the N-and P-doped fullerenes being thermodynamically favoured in comparison to their boron analogues [16] . In another study [13] , various isomers of N-doped fullerenes of the type C 42 N 18 and C 40 N 20 have been investigated, including structures with separated N atoms and nitrogen belts. The results outlined a reasonable stability for the compounds with a belt of N atoms, with possible applications in molecular electronics [13] .
Researches regarding the influence of hetero-substitution of carbonbased nanomaterials have also been extended to graphenes and nanotubes; properties like magnetism and mobility [14] , sensing applications [15] , electronic and optical properties [16] have been studied.
Our previous studies dealt with the investigation of aromaticity of fullerenes and their precursors [17] [18] , as well as of their N-and P-substituted analogues [19] [20] [21] [22] . A comparison between the calculated properties of both fullerenes and circulene-type precursors was made.
DATA SET
The present paper is focused on the influence of aza-substitution on both sumanene and C 52 derivatives, containing a sumanene patch. Three substitution patterns, derived from the structures of pyrrole, indolizine and pyridine, are proposed. Observe the two different indolizine-type patterns: II -with the N atom placed "outer" of the pentagon-hexagon pair, and III -with the N atom in "inner" position. While the all-Carbon structure II is bowl-shaped, the presence of N atoms leads to a planar geometry. Geometry optimization and vibrational analysis showed that structures I, III and IV are true minima, but the compound II is a transition state (with an imaginary frequency).
RESULTS AND DISCUSSION
Various local aromaticity descriptors, like the geometric index HOMA, magnetic index NICS, reactivity descriptors (condensed Fukui functions), and cohesion energy have been computed.
Geometric index
The optimized structures of the investigated aza-sumanene derivatives are shown in Figure 3 . Values of the convex angle for the sumanene and its four aza-derivatives are listed in Table 1 . The following observations can be made: -I-type aza-substitution leads to an improvement of the HOMA index value (compared to the bare sumanene); the most significant difference appears for the 5-membered ring, when the substitution of sp 3 C atom with N leads to a bond shortening from 1.562 Å to 1.420 Å; -II-type aza substitution is characterized by lower values of the HOMA index for the outer rings, due to the planar conformation; -III-type substitution: the alternation carbon-nitrogen in the core ring results in the highest value of the HOMA index;
-IV-type substitution shows the smallest differences compared to the reference sumanene molecule.
-The main stabilization seems to appear at the ring bearing N atom and it is higher at the core hexagonal ring (in I-aza and III-aza substitution).
Magnetic index
Data on nucleus independent carbon shift NICS are listed in Table 3 . The results are in good agreement with the predictions of the geometric index HOMA; this way, similar values have been obtained for the bare sumanene and for the IV-aza substitution (that proves the small influence of replacing by nitrogen one C atom from outer 6-membered rings). The presence of N atom in the 5-membered rings (similar to pyrrole) leads to their "aromatization" (see the negative NICS values). The negative values of NICS index obtained for all the rings of II-type aza-sumanene can be attributed to the stronger electron delocalization, favoured by the planar structure. Again, there are small differences between sumanene and IVtype aza-substitution.
Delocalization indices
Smallest values of the FLU index (highest aromaticity) have been obtained for the petal 6-ring of sumanene and IV-type aza-sumanene, proving again the similarity of these two molecules. The presence of N atom within the 5-membered ring of I-, II-and III-aza-sumanenes promotes an increase in their aromaticity.
A lower local aromaticity has been obtained for the 6-membered rings of III-aza-sumanene, result that is in good agreement with NICS(0) values. Concerning the calculated PDI values for the 6-membered rings, closer results to the standard PDI for benzene, 0.105, have been obtained for the 6-outer cycles of sumanene and IV-aza-sumanene. Lowest PDI values are attributed to the 6-core of I-and III-aza-sumanenes and correlate well with FLU and NICS(0) results.
Graphical representation of the Electron Localization Function is shown in Appendix ( Figure A1) ; it outlines the similarity between the structures of sumanene and the aza-derivative IV, as well as the differences among the planar structure of aza-sumanene II and the other bowl-shaped compounds. 
Reactivity indices
In order to investigate the effect of N incorporation on the reactivity of carbon atoms, the condensed Fukui functions (for an electrophilic attack) have been computed (numbering of atoms in the aza-patches is shown in Figure 4 ). The results, listed in Table 5 , show an increased reactivity only for the C atoms from structure III, less significant results being obtained for the compounds where the N atom is placed in "outer" rings. 
Global parameters of the investigated fullerenes:
HOMO-LUMO gap, singlet-triplet gap and cohesive energy.
Keeping in mind the above-mentioned aza-patches, the structures including these patches in the molecule of C 52 fullerene (isomer with four joint sumanene patches, D2 symmetry), namely aza-fullerenes C 49 N 3 have been designed. Computation of global parameter HOMO-LUMO gap for both sumanene and C 52 derivatives has shown that, the III-aza substitution leads to the less stable compounds (Table 6 ). The trend within the sumanene series follows the results of magnetic and geometric indices, which outlined the similarities between the all-carbon compound and the IV-aza substitution. Regarding the C 52 derivatives, smaller difference appear among C 52 and C 49 N 3 characterized by I-, II-and IV-aza-substitution.
Computation of the singlet-triplet ST gap, another important parameter for characterizing nanomaterials, shown a significant decrease for the Nsubstituted fullerenes and especially for the III C 49 N 3 (Table 7) . Another parameter that is widely used for characterizing the stability of nanomaterials, like fullerenes, is the cohesive energy, calculated according to the equation:
The results listed in Table 8 suggest no differences among the four types of aza-substitution herein proposed; however, with respect to the homosumanene, the aza-substitution seems to decrease the cohesive energy. Properties like polarizability and hyperpolarizability, magnetizability and the dipole moment, playing an important role in the behaviour of nanomaterials, are significantly influenced by the four types of aza-substitution (Table 9 ). Also, two types of atomic charges, namely CM5 and the Voronoi Density Deformation (VDD) charges, have been computed. The atomic charges CM5 [33] (Charge Model 5) show an increased accuracy in predicting the dipole moment and are based on the Hirshfeld analysis combined with a parametrization method. The VDD method [34, 35] relies on the dividing of space into non-overlapping atomic areas and the consequent calculation of the deformation density of these cells. Figure A2 (see Appendix) depicts only the charge values of the nitrogen atoms.
CONCLUSIONS
The influence of aza-substitution in sumanene and C 52 fullerene on their stability/aromaticity was investigated; a bowl-shaped polycyclic aromatic hydrocarbon, four aza-substitution types derived from the structures of pyrrole, indolizine and pyridine have been considered. Structures of azafullerenes C 49 N 3 , where the aza-substitution follows the same pattern as in case of sumanene, have been optimized and a series of global parameters were computed for their characterization. Calculation of the local aromaticity indices like NICS and HOMA, as well as delocalization indices PDI and FLU outlined the enhanced aromatic character of sumanene derivatives where the 5-membered ring was replaced by a pyrrole moiety (I-aza-substitution type). Also, an increase of the aromaticity has been obtained for the II-azasumanene, where the outer 5-and 6-membered rings have a common nitrogen atom at the outer junction (similar to the indolizine ring). No significant variations of aromaticity (compared to the values obtained for the all-carbon sumanene) have been obtained for the structure IV (where the aza-substitution occurs as in the pyridine moiety).
The proposed structures of fullerenes C 49 N 3 were characterized by smaller HL gap and singlet-triplet gap for the III-C 49 N 3 structure, while the computations of cohesive energy lead to similar values for all the four investigated fullerenes. As an overall conclusion, the III-aza patch seems to induce the most reactivity among all the studied aza-containing structures.
COMPUTATIONAL DETAILS
All the computations regarding the sumanene and its derivatives have been carried out at B3LYP/6-311+G(d) level of theory. Geometry optimization and vibrational analysis of the fullerene C 52 and the corresponding azaderivatives have been performed by using the basis set 6-311G. The obtained structures were refined by performing a single point computation at B3LYP/6-311+G(d) level of theory. The calculations of the magnetic index, reactivity descriptors, and delocalization indices were performed by means of the same combination B3LYP/6-311+G(d). The delocalization indices were computed with Multiwfn_3.3.4 software [23] , while Gaussian 09W [24] has been employed for the computations of sumanene and its aza-derivatives, as well as for the geometry optimizations of the C 52 and C 49 N 3 . ADF2014 software [25] [26] [27] has been employed for the calculation of polarizability [28, 29] , hyperpolarizability [30, 31] , magnetizability [32] and dipole moment. Also, the atomic charges CM5 [33] and VDD [34, 35] have been computed by means of ADF2014. For the computations performed with the ADF2014 software, the combination of BLYP with basis set TZ2P [36] has been used. 
